In a study of vowel height perception using front vowels, Hoemeke and Diehl ͓J. Acoust. Soc. Am. 96, 661-674 ͑1994͔͒ found that F 1 ϪF 0 distance was the best predictor of perceived vowel height for the phonological distinction ͓Ϯhigh͔, while for two other vowel height distinctions F 1 alone was the best predictor. Further, the ͓Ϯhigh͔ identification function was defined by a sharp boundary located at 3-to 3.5-Bark F 1 ϪF 0 distance. One hypothesis offered was that F 1 ϪF 0 distance had cue value for the ͓Ϯhigh͔ distinction because of an underlying quantal region on the F 1 ϪF 0 distance dimension. However, the results are also predicted if it is supposed that F 1 ϪF 0 distance is a cue for vowel height only for pure height distinctions. The present study further tested these possibilities, using back vowels. The results allowed us to reject both as general explanations of vowel height perception. However, the results were consistent with a third possible explanation, namely, that phonetic quality is determined by the tonotopic distances between any adjacent spectral peaks ͑e.g., F 3 ϪF 2 , F 2 ϪF 1 , and F 1 ϪF 0 ͒, with greater perceptual weight accorded to smaller distances.
INTRODUCTION
In a study of the perception of vowel height distinctions of a Bavarian dialect of German, F 1 ϪF 0 Bark distance was reported to be a decisive 1 perceptual cue ͑Traunmüller, 1981͒. However, Hoemeke and Diehl ͑1994͒ found that for American English front vowels, F 1 ϪF 0 Bark distance was decisive only for the /(/-/}/ distinction which spans the ͓Ϯhigh͔ feature boundary. For two other height series ranging between /i/-/(/ and /}/-/,/, F 1 was decisive.
Hoemeke and Diehl provided one explanation of these differences based on the work of Syrdal and Gopal ͑1986͒. In analyses of two large data sets of American English vowels, Syrdal and Gopal found that the ͓Ϯhigh͔ boundary was at an F 1 ϪF 0 distance of 3-3.5 Bark. Chistovich and Lublinskaya ͑1979͒ had obtained evidence of wideband integration of formant peaks over a distance of 3-3.5 Bark, and Syrdal and Gopal suggested that this integration also applies to F 1 and F 0 . The limit of integration is assumed to give rise to a ''quantal'' distinction ͑see Stevens, 1972 between ͓ϩhigh͔ vowels ͑F 1 ϪF 0 Ͻ3-3.5 Bark͒ and ͓Ϫhigh͔ vowels ͑F 1 ϪF 0 Ͼ3-3.5 Bark͒, depending on whether F 1 and F 0 form one composite peak or two resolved peaks in the auditory spectrum following the application of the hypothesized wideband integrator. Hoemeke and Diehl suggested that this quantal dimension is exploited for the ͓Ϯhigh͔ distinction, and so F 1 ϪF 0 distance is necessarily a cue for this. However, for the other two distinctions they tested, there is no known quantal region, and so no motivation for supposing that F 1 ϪF 0 distance would be a cue.
Several features of Hoemeke and Diehl's results supported this account, which will be referred to as the ''quantal'' hypothesis. First, as noted, F 1 was the decisive cue for front vowel height distinctions, except for the ͓Ϯhigh͔ distinction where F 1 ϪF 0 Bark distance was the decisive cue. Second, the ͓Ϯhigh͔ boundary fell at 3-to 3.5-Bark F 1 ϪF 0 distance as predicted by Syrdal and Gopal. Third, with respect to the F 1 ϪF 0 Bark distance dimension, the identification functions were considerably more steplike for the ͓Ϯhigh͔ distinction than for the other two distinctions, suggesting a quantal basis for the former.
However, the discrepancies between the results of Hoemeke and Diehl and Traunmüller's ͑1981͒ suggestion that F 1 ϪF 0 distance is an invariant cue for vowel height can also be explained in another way. Traunmüller ͑1981͒ noted that an advantage of using Bavarian German vowels in his experiments is that there are many distinctive degrees of height without concomitant variation in other features; the height contrasts are pure height contrasts. This makes these vowels ideal for testing the hypothesis that F 1 ϪF 0 distance is the primary cue for vowel height. Although all three front vowel distinctions studied by Hoemeke and Diehl involve differences in phonetic height, only /(/-/}/ can be considered a pure height distinction, both phonologically and phonetically. The vowels /i/ and /(/ differ phonologically in the feature ͓tense͔, and there is a phonetic difference in duration. The vowels /}/ and /,/ differ in phonological height, spanning the ͓Ϯlow͔ boundary, but again there is a phonetic difference in duration. ͑Whether the two vowels differ in the feature ͓tense͔ is a matter of debate.͒ It is possible that the efficacy of F 1 ϪF 0 distance is obscured in experiments in which height is confounded with other features such as duration. was the only pure height contrast, their results might be explained without appealing to the notion of wideband spectral integration. We refer to this alternative account as the ''confounded feature'' explanation.
The two experiments in this study repeated Hoemeke and Diehl's experiment, using two different back vowel series instead of front vowels. While height also covaries with other features among the back vowels, there are differences between back and front vowels that could determine whether the confounding of features was responsible for the limited scope of F 1 ϪF 0 distance as a cue in Hoemeke and Diehl's experiments. This is not to say that back vowels provide a feature matrix ideal for determining this, but rather that the differences between front and back vowels provide some grounds for differentiation.
If the quantal hypothesis is correct, Hoemeke and Diehl's results should generalize to back vowels, in both experiments 1 and 2. The ͓Ϯhigh͔ boundary should be at 3-to 3.5-Bark F 1 ϪF 0 distance, with a sharp identification function suggesting an underlying quantal region. For ͓Ϯhigh͔ distinctions, F 1 ϪF 0 distance should be decisive. For vowel continua not crossing the ͓Ϯhigh͔ boundary, perceived vowel height should be best correlated with F 1 alone, since for these distinctions there is no hypothesized quantal region that would bring F 0 into play. However, covariation of height and other features is somewhat different for back vowel distinctions, compared to front vowel distinctions. If the apparent limited scope of F 1 ϪF 0 distance as a vowel height cue in Hoemeke and Diehl's study could be attributed to interference from covarying features in the /i/-/(/ and /}/-/,/ series, then the pattern of results should be different in experiments 1 and 2, depending on the feature matrix.
I. EXPERIMENT 1
For some American English dialects, the four monophthongal back vowels, ordered phonetically from highest to lowest, are /É/, /*/, /Å/, and /Ä/. Although all three adjacent pairs that can be formed from these four vowels involve phonetic height distinctions, they also involve additional features in each case. The /É/-/*/ distinction is not a phonological height distinction, the vowels differing in the feature ͓tense͔. Phonetically, there is also a duration difference. The /*/-/Å/ distinction is a phonological height distinction, the vowels differing in the feature ͓high͔. However, they also differ in the feature ͓tense͔, and phonetically there is a duration difference. So although this distinction may be supposed to take advantage of a quantal region at 3-to 3.5-Bark F 1 ϪF 0 distance, it is not a pure height distinction. The /Å/-/Ä/ distinction is a phonological height distinction, the vowels differing in the feature ͓low͔. There is no variation in tenseness, phonetically or phonologically, but the vowels do differ in the feature ͓round͔. Thus if the interference caused by variation of features other than height was the reason for the apparent limited scope of F 1 ϪF 0 distance as a vowel height cue in Hoemeke and Diehl's experiment, we should expect that F 1 ϪF 0 distance would not be decisive for any of the three distinctions tested here.
A. Method
Subjects
All but three subjects were Introductory Psychology students enrolled at the University of Texas, who received course credit for their participation. The other three subjects were graduate students in psychology at the University of Texas. These three subjects took part in the /Å/-/Ä/ condition, since it was not possible to recruit a sufficient number of undergraduates whose native dialect included the /Å/-/Ä/ distinction. All subjects reported normal hearing and were native English speakers.
Stimuli
Three series of vowels were created using a Klatt synthesizer ͑Klatt, 1980͒ on a DEC VAX station 3500. The series ranged between the English back vowel pairs /É/-/*/, /*/-/Å/, and /Å/-/Ä/. F 1 values for the /*/-/Å/ end points were the mean male values for these phonemes published by Peterson and Barney ͑1952͒. F 2 , F 3 , F 4 , and F 5 were fixed at 1000, 2333, 3300, and 3850 Hz, respectively. While F 3 was at the average value of the F 3 values published by Peterson and Barney ͑1952͒ for the four tokens, F 2 was higher than the average value for each series. The average value of F 2 did not produce what were thought to be acceptable tokens in all three series. Higher formant frequencies were fixed in this way to prevent covariation of formant frequencies from being a factor contributing to the results. F 1 frequencies were converted to critical band rate in Bark, 2 and five intermediate patterns were generated by interpolation. The resulting frequency step sizes were then used to construct the /É/-/*/ and /Å/-/Ä/ series. Fixing the step sizes in this way resulted in F 1 values for the /É/ and /Ä/ end points that were only slightly different from the corresponding mean male values in the Peterson and Barney study. Formant values for all the end points, in both hertz and Bark, and the step size, in Bark, are shown in Table I . For each format For the /Å/-/Ä/ series all were greater than 3.5 Bark. For the /*/-/Å/ series, F 1 ϪF 0 distances ranged from 2.4 to 4.5 Bark, straddling the postulated 3-3.5 Bark integration limit ͑Chis-tovich and Lublinskaya, 1979͒. Stimuli were 150 ms in duration. The initial 15 ms and the final 10 ms were multiplied by cosine-squared functions in order to prevent onset and offset transients. Each stimulus was normalized to a constant rms amplitude between the onset and offset ramps. Formant frequencies and F 0 values were verified by spectral analysis.
Procedure
Separate groups of 12 subjects identified each of the three vowel sets. For the /Å/-/Ä/ condition, only subjects whose native dialect included this distinction were chosen. This was determined by listening to subjects repeat the words ''caught'' and ''cot,'' written on index cards. Because the vast majority of undergraduates at the University of Texas are from Texas or nearby states, it proved impractical to restrict the subject population to undergraduates. Three graduate students were therefore recruited in order to complete the /Å/-/Ä/ condition.
Responses were made by pressing either of two response keys, labeled with sample words containing the vowel appropriate for that key. Subjects first heard a practice block of one repetition of each of the 35 stimuli in random order. In the experiment proper, they identified ten randomized blocks of the 35 stimuli. They were allowed 2 s to respond, after which another 1 s elapsed before the next stimulus was presented.
The stimuli, stored on a PC, were output at 10 kHz via a 16-bit D/A converter, low-pass filtered at 4.9 kHz and presented to subjects over Beyer DT-100 earphones at 72 dB SPL. Up to four subjects, assigned to separate response stations in a double-walled sound-attenuated chamber, served in each experimental session.
B. Results
For comparability and focus, analyses were a subset of those used by Hoemeke and Diehl ͑1994͒. For the /*/-/Å/ series, phoneme boundaries calculated by Probit analysis were at 3.7-, 3.5-, 3.3-, 3.2-, and 3.0-Bark F 1 ϪF 0 distance for the 100-, 125-, 150-, 175-, and 200-Hz F 0 conditions, respectively. The boundaries fall close to, but not entirely within the 3-to 3.5-Bark F 1 ϪF 0 distance range. However, the scatterplot of responses versus F 1 ϪF 0 distance appears more steplike for the /*/-/Å/ series than for the other two series ͑Fig. 1͒, as was the case in Hoemeke and Diehl ͑1994͒. Figure 1 shows scatterplots of identification performance as a function of F 1 ϪF 0 distance for each series. For the /É-/*/ and /*/-/Å/ series, vowel height appears nonlinearly related to F 1 ϪF 0 distance. For the /Å/-/Ä/ series, the relationship is weaker. To investigate the strength of the relationship, the data were linearized using the inverse normal (z) transform, and linear regression analyses were applied. Table II same analyses were performed on the data in Fig. 2 , where F 1 replaced F 1 ϪF 0 distance on the abscissas. Again, r 2 values are in Table II. For the /É/-/*/ series, F 1 ϪF 0 distance was decisive for vowel height. For the /*/-/Å/ and /Å/-/Ä/ series, F 1 was decisive.
F 1 ؊F 0 distance as a cue for vowel height

C. Discussion of experiment 1
While the phoneme boundaries for the /*/-/Å/ series were close to ͑but not entirely within͒ the 3-to 3.5-Bark F 1 ϪF 0 distance region predicted by Syrdal and Gopal ͑1986͒, and the scatterplot for this series in Fig. 1 was more steplike than for the other two series, F 1 ϪF 0 distance did not prove decisive. This is contrary to the quantal hypothesis, which predicts that F 1 ϪF 0 distance should be decisive for ͓ϩ/Ϫhigh͔ distinctions. However, this result can be explained by according a role to features confounded with height; interference from the covarying feature ͓tense͔ could have obscured the effects of F 1 ϪF 0 distance. The results for the /Å/-/Ä/ series may be explained in the same way.
The results for the /É/-/*/ series are troubling for both the quantal hypothesis and the confounded feature explanation, however, since neither predicts that F 1 ϪF 0 distance should be decisive for this pair-by no means a pure height distinction. One could assume that F 1 ϪF 0 distance was decisive despite interference from other features, but this assumption would result in a loss of explanatory power. One possible account is that the results for the /É/-/*/ series were anomalous. The end points were not very reliably identified, and subjects could have seized upon any salient cue in the stimuli in order to perform the task. 4 If this were the case, the influence of F 0 on labeling performance could have been overstated. In experiment 2 we attempted to improve labeling performance in the /É/-/*/ condition by using formant values taken from a more recently collected database. It was hoped that this would clarify the role of F 1 ϪF 0 distance in the perception of this distinction. Further, we hoped to provide additional information on the role of F 1 ϪF 0 distance in vowel height perception by using a partially different set of back vowel distinctions.
II. EXPERIMENT 2
In some American dialects, including the dialect spoken in Austin, there is no /Å/-/Ä/ distinction: The back vowel series from high to low is /É/, /*/, /#/, /Ä/. The /*/-/#/ distinction is a ͓ϩ/Ϫhigh͔ distinction, with no difference in the feature ͓tense͔. In the Chomsky and Halle ͑1968͒ formulation, these two vowels also differ in the feature ͓round͔, so it could be argued that the distinction is not purely one of height. However, in contemporary American English, these vowels are usually produced without noticeable lip rounding, so this point is debatable. The /#/-/Ä/ distinction is a ͓ϩ/ Ϫlow͔ distinction, and also a ͓ϩ/Ϫtense͔ distinction. There is some phonetic variation in duration for this last pair.
Depending on whether the /*/-/#/ distinction is seen as one of pure height, the predictions based on the confounded features explanation differ. If it is seen as pure height contrast ͑i.e., both vowels are considered unrounded͒, then F 1 ϪF 0 distance should be decisive for this pair only. If it is not considered a pure height distinction ͑i.e., a rounding distinction is recognized͒, then interference from other features should obscure the decisiveness of F 1 ϪF 0 distance in all cases.
A. Method
Subjects
Subjects were Introductory Psychology students enrolled at the University of Texas. All received course credit for their participation. All reported normal hearing and were native English speakers.
Stimuli
Three series of vowels were created using a Klatt synthesizer ͑Klatt, 1980͒ on a DEC VAX station 3500. The series ranged between the English back vowel pairs /É/-/*/, /*/-/#/, and /#/-/Ä/. F 1 values for the /*/-/#/ end points were the mean male values for these phonemes published by Syrdal ͑1985͒. F 2 and F 3 were fixed at the mean values for the four phonemes, 1242 and 2365 Hz, respectively. F 4 and F 5 were fixed at 3300 and 3850 Hz. Series were generated from these values as in experiment 1. This procedure resulted in /É/ and /Ä/ end points similar to the corresponding mean male values published by Syrdal ͑1985͒. Stimulus details are given in Table III . For each formant pattern, there were five F 0 values, equally spaced between 100 and 200 Hz, as in experiment 1. For the /É/-/*/ series all F 1 ϪF 0 distances were less than 3.5 Bark, with only the most /*/-like formant patterns, at the low F 0 's, exceeding 3 Bark. For the /#/-/Ä/ series all distances were greater than 3.7 Bark. For the /*/-/#/ series, F 1 ϪF 0 distances ranged from 2.5 to 4.7 Bark. The durations and amplitude envelopes of the stimuli were the same as in experiment 1.
Procedure
Separate groups of 12 subjects identified each of the three vowel sets. Procedures and apparatus were the same as in experiment 1.
B. Results
Evidence for a quantal region at 3-3.5 Bark F 1 ؊F 0 distance
For the /*/-/#/ series, phoneme boundaries, calculated by Probit analysis, were 3.8-, 3.7-, 3.6-, 3.4-, and 3.4-Bark F 1 ϪF 0 distance for the 100-, 125-, 150-, 175-, and 200-Hz conditions, respectively. The /*/-/#/ scatterplot of vowel height versus F 1 ϪF 0 distance ͑Fig. 3͒ appears somewhat more steplike than the corresponding scatterplots for the other two series. Figure 3 shows scatterplots of identification performance as a function of F 1 ϪF 0 distance for each series. For all three series, vowel height appears nonlinearly related to F 1 ϪF 0 distance. As in experiment 1, the data were linearized using the inverse normal (z) transform, and linear regression analyses were applied. Table IV contains the amount of variance accounted for ͑r 2 ͒ in these analyses. The same analyses were done on the data in Fig. 4 , where F 1 has replaced F 1 ϪF 0 distance on the abscissas. Again, r 2 values are in Table IV. F 1 ϪF 0 distance was decisive for vowel height for both the /É/-/*/ and the /*/-/#/ series. For the /#/-/Ä/ series, F 1 was decisive.
F 1 ؊F 0 distance as a cue for vowel height
C. Discussion of experiment 2
As in experiment 1, neither the quantal hypothesis or the confounded features explanation was unequivocally supported. While series and was characterized by a steplike function ͑as predicted by the quantal hypothesis͒, boundaries strayed outside the 3-to 3.5-Bark F 1 ϪF 0 range. F 1 ϪF 0 distance was again decisive for the /É/-/*/ series, and as per experiment 1 this result is troublesome for both accounts since neither predicts this outcome.
III. FURTHER ANALYSES OF EXPERIMENTS 1 AND 2
The results of experiments 1 and 2 are inconsistent with both the quantal hypothesis and the hypothesis that F 1 ϪF 0 distance is the primary cue for vowel height. Further, the results do not support the confounded features explanation of why the effectiveness of the F 1 ϪF 0 distance cue in the Hoemeke and Diehl ͑1994͒ study was largely limited to the ͓ϩ/ Ϫhigh͔ distinction. However, further analyses of the results show that the data are consistent with a hypothesis described in Traunmüller ͑1984͒.
5 According to this hypothesis, the phonetic quality of vowels is determined by the tonotopic distances between any adjacent spectral peaks ͑e.g., F 3 ϪF 2 , F 2 ϪF 1 , and F 1 ϪF 0 ͒. Traunmüller obtained positive evidence for this hypothesis for cases in which the tonotopic distances were smaller than about 6 Bark. When two distance cues are available for the same distinction, listeners can be expected to give greater perceptual weight to the smaller distance.
In both experiment 1 and experiment 2, F 1 was inversely proportional with F 2 -F 1 distance, since F 2 was held at a constant value within each experiment. As F 1 increased, F 2 ϪF 1 distance decreased. Figure 5 ͑top panel͒ shows, for each of the vowel distinctions in both experiments 1 and 2, the variance explained by F 1 ϪF 0 distance plotted as a function of the average category boundary position along the F 1 ϪF 0 distance dimension. For F 1 ϪF 0 distances of less than about 4 Bark, much of the total variance is explained by Bark, F 1 ϪF 0 distance explains much less of the variance. Figure 5 ͑bottom panel͒ shows the variance explained by F 2 ϪF 1 distance as a function of F 2 ϪF 1 distance. Variance explained is high for F 2 ϪF 1 distances of less than 4 Bark, and drops off above 4-Bark F 2 ϪF 1 distance. In Fig. 6 , the difference between the variance explained by F 1 ϪF 0 distance and the variance explained by F 2 ϪF 1 distance is plotted as a function of the difference between these distances at the average category boundaries in the two experiments. The regression line fitted to the data explains 92.4% of the variance. This is the first clear evidence that when two distance cues are available to signal phonetic identity, listeners give greater weight to the smaller distance.
IV. GENERAL DISCUSSION
Across studies, F 1 ϪF 0 distance proved decisive for only two out of three ͓ϩ/Ϫhigh͔ distinctions: /(/-/}/ in Hoemeke and Diehl ͑1994͒ and /*/-/#/ in experiment 2 here, but not /*/-/Å/ in experiment 1 here. In both experiments 1 and 2 here, phoneme boundaries for the ͓ϩ/Ϫhigh͔ distinctions were close to, but not entirely within, the 3-to 3.5-Bark F 1 ϪF 0 distance range. Additionally, the scatterplots of responses versus F 1 ϪF 0 distance were relatively steplike for the ͓ϩ/Ϫhigh͔ distinctions in both experiments 1 and 2. Thus while the quantal hypothesis is not fully supported, there are some similarites between the present results and those of Hoemeke and Diehl ͑1994͒. However, F 1 ϪF 0 distance proved decisive for the /É/-/*/ distinction in both of the experiments in this paper. Since this distinction is not a ͓ϩ/ Ϫhigh͔ distinction, the quantal hypothesis does not predict this result and so may be rejected. Further, it has been pointed out to us by Nearey ͑personal communication͒ that the results of Hoemeke and Diehl, and experiments 1 and 2 here, are incompatible with a simple conception of 3-to 3.5-Bark integration of F 1 and F 0 . If such integration underlies the ͓ϩϪhigh͔ distinction, then the effect of F 0 should vary, depending on whether integration takes place. When F 1 ϪF 0 distance is greater than 3-3.5 Bark, the effect of F 0 should be in an opposite direction to that of F 1 : Either increasing F 1 or decreasing F 0 should increase F 1 ϪF 0 distance. However, when integration occurs, perceived vowel height is presumably determined by a composite peak, or centroid. Raising either F 1 or F 0 would increase the frequency of the centroid; that is, the effects of F 1 and F 0 are in the same direction. The fact that this pattern of results was not observed here, or in Hoemeke and Diehl's experiments, is evidence against the notion of 3-to 3.5-Bark integration of F 1 and F 0 underlying the ͓ϩϪhigh͔ distinction.
Moreover, the evidence for the confounded features explanation was mixed at best. For the /*/-/#/ pair in experiment 2, where the distinction is arguably one of pure height, F 1 ϪF 0 distance was decisive. However, in both experiments, F 1 ϪF 0 distance appeared to be the most effective cue for the /É/-/*/ distinction, which is definitely not one of pure height. The latter findings are incompatible with the confounded features explanation.
While the present results were inconsistent with both the quantal hypothesis and the confounded features explanation, they were well predicted by an alternative hypothesis proposed by Traunmüller ͑1984͒. By this hypothesis, the tonotopic ͑Bark͒ distances between any adjacent spectral peaks, including that associated with F 0 , are invariant in phonetically identical vowels, provided that the distances are less than about 6 Bark. Figure 5 shows that in experiments 1 and 2 the influence of tonotopic distance on vowel identity judgments was greatly reduced for values beyond 6 Bark. The reduction as a function of distance was approximately the same for F 2 ϪF 1 and F 1 ϪF 0 , suggesting that a common mechanism operates for both cases. Figure 6 shows that the difference in perceptual weight between F 1 ϪF 0 distance and F 2 ϪF 1 distance at the category boundaries among the back vowels of English can be described very well as a function of the difference between these distances. The goodness of fit ͑r 2 ϭ0.92.4͒ is especially impressive given the varied feature combinations among the vowels used in the study. Thus the hypothesis has the advantage of making sense of some otherwise troubling results, without recourse to phonological dimensions; the explanation is derived solely from properties of the spectrum.
Additional experiments are now being planned to test the generality of this tonotopic distance hypothesis. In the current experiments, it is difficult to distinguish effects of F 2 ϪF 1 distance from F 1 alone, since these variables were systematically confounded. Such confounding is a general problem that can only be resolved by doing several experiments in which the variables that are confounded differ across the experiments.
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1 In this study an acoustic property is considered decisive if it is the property most highly correlated with labeling performance. 2 Although Bark units are currently disfavored in psychoacoustic work, they are used here in order to provide tests of specific hypotheses drawn from the vowel perception literature. The equations used here were those described by Traunmüller ͑1990͒;
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